Modelling of multi-layer power system interactions will become increasingly important as market mechanisms and feedback controls become more tightly coupled into the physical system layer. Time-delays are an important aspect of that inter-layer coupling. This paper integrates deterministic, nonlinear time-delays into a systematic hybrid (continuousldiscrete) system model. The paper addresses issues arising in the implementation of implicit numerical integration techniques, and computation of trajectory sensitivities. Applications that have the form of inverse problems are motivated.
INTRODUCTION
The traditional view of power system dynamics has focussed primarily on the behaviour of components within the physical system. Little attention has been paid to interactions between the physical system and higher level layers. However with tighter integration of market mechanisms and feedback controls, the modelling of those linkages is becoming increasingly important [I] .
A postulated scenario of multi-layer interactions, leading ultimately to cascading failure of the system, is presented in Fig. 1 . Whilst time-scale separation currently makes such a scenario unlikely, that comfort zone is steadily shrinking. Time-delays are an important aspect of the interlinking of layers, and play a crucial role in the postulated failure scenario. This paper therefore addresses issues of incorporating time-delays into dynamical models of multi-layer power systems.
Deterministic modelling of power systems provides insights into dynamical behaviour, and underlies most analysis and design functions. Therefore, even though time-delays are usually random, a deterministic (nonline?) time-delay model has been adopted here. This model can be thought of as describing average response. The model is fully developed, in the context of a systematic hybrid (continu- 
MODEL

Extended DAIS model
Power systems are composed of components that exhibit continuous dynamic behaviour, along with others that respond discretely. Examples of the former include generators and controllers, whilst the latter include switched shunts and controller saturation limits. Furthermore, in multilayer systems, commands are often communicated as discrete signals. Systems that exhibit intrinsic continuousldiscrete interactions have become known generically as hybrid systems. Power systems therefore form an important example of this class of system.
It has been shown in [3, 41 that hybrid systems can be modelled as a set of differential-algebraic equations, adapted to incorporate impulsive (state reset) action, and switching of the algebraic equations. The importance of time-delay effects on the behaviour of multilayer systems was highlighted in Section 1. Therefore this paper extends that impulsive The impulsive action of state resetting is captured by the Dirac delta 6(.), The state reset equations can be expressed in the alternative form
when yr,j = 0.
Theflows of the dynamic states z and algebraic states y are defined as
where z ( t ) and y(t) satisfy (1)-(4), implying that
The flows satisfy the initial conditions,
An ambiguity arises in the model when B(y, t ) < to. That is resolved by enforcing the condition,
Away from events, system dynamics evolve smoothly according to the modified differential-algebraic model
whereg is composed ofy(') togetherwith appropriatechoices of y(") or g("+), depending on the signs of the corresponding elements of y.. System behaviour at switching and reset events is not directly influenced by time-delays. Rather, time-delays affect smooth behaviour between events, as described by (IO)-( 12). Therefore subsequent sections that explore implementation issues will focus on this modified DA system.
Time-delay interpretation
The general nonlinear form of the time-delay functional B(y, t ) in (3) places few restrictions on time-delay modelling. However for ease of implementation, it is convenient to assume causality, i.e., e(Y, t ) 5 t . 
e ( y , t ) = t -y z The generality of (3) does however raise some interesting technical issues. For example, it can be shown that simple structures such as
may result in non-uniqueness of solutions. Details are beyond the scope of this present paper.
SIMULATION
The modified DAIS model (l)-(4), or alternatively (10)- Due to the simple structure of Fz, it is convenient to solve explicitly for yd by substituting directly into (14). resulting in the algebraic equation
The corresponding reduced Jacobian then has the form Notice that time-delays really only alter the effective g, though that alteration can be significant.
Evaluation of the Jacobian 3, or alternatively &d, requiresthecomputationof $(B(y,t)), therateofchangeofg at time B(y, t), i.e., some time in the past. Therefore the numerical integration process requires evaluation (and storage) of 2 along the trajectory. To achieve this, differentiation of ( I 1)-(12) with respect to t, along with some manipulation, yields from which $ may be obtained. If follows from (5) 
The role of the modified % is again evident.
APPLICATIONS
Incorporating time-delays into the DAIS model in a systematic way has maintained an efficient process for obtaining-trajectory sensitivities as a by-product of numerically computing the trajectory. Trajectory sensitivities are effectively gradients of the trajectory, and so can be used to build gradient-based iterative algorithms.
Numerous applications follow, including parameter estimation, boundary value problems, and optimal control. For example, a shooting method [SI could be formulated to determine the critical value of a delay that induced oscillations. Work is proceeding in the development of such applications [3] .
CONCLUSIONS
Modelling of multi-layer power system interactions will become increasingly important as market mechanisms and feedback controls become more tightly coupled into the physical system layer. Time-delays are an important aspect of that inter-layer coupling.
This paper has established a deterministic, nonlinear time-delay model, and incorporated that model into a systematic hybrid (continuous/discrete) system representation. It has been shown that time-delays affect the algebraic Jacobian of the differential-algebraic-model. This modified Jacobian follows through into the computation of trajectory sensitivities.
Availability of trajectory sensitivities facilitates gradientbased iterative algorithms for solving inverse problems such as parameter estimation, boundary value problems, and optimal control.
